Abstract-Linear and nonlinear microwave properties of chemical vapor deposition (CVD)-grown graphene are characterized by incorporating a coplanar waveguide (CPW) transmissionline test structure. The intrinsic linear transport properties (S-parameters) of the graphene sample are measured and extracted via a deembedding procedure and then fitted with an equivalent circuit model up to 10 GHz. A statistical uncertainty analysis based on multiple measurements is implemented to estimate the error of the extracted graphene linear parameters as well. Nonlinear properties (second-and third-order harmonics as a function of fundamental input power) of the sample are also measured with a fundamental input signal of 1 GHz. Clear harmonics generated from graphene are observed, while no obvious fundamental power saturation is seen. The measured nonlinearity is applied in a graphene patch antenna case study to understand its influence on potential applications in terms of third-order intermodulation levels.
I. INTRODUCTION
A S A TWO-DIMENSIONAL single layer of carbon atoms, graphene has attracted tremendous interests due to its excellent electrical, mechanical, and thermal properties. Many high-frequency applications, including metamaterials, absorbers, and antennas [1] - [4] , have been proposed to utilize those advantages. With the help of chemical vapor deposition (CVD) technique, large-scale production of graphene layers also becomes possible. Therefore, thorough experimental study and understanding of high-frequency transport properties of CVD-grown graphene are necessary to enable potential applications at microwave or even THz frequency regime.
Surface conductivity of graphene is a fundamental parameter that is useful in the designs for various graphene-based components. Although it can be theoretically calculated by Kubo formula [5] , it still varies quite much experimentally [6] - [8] due to sample difference, for example, defects and impurities [9] .
In this work, the intrinsic microwave transport properties of CVD-grown single-atomic-layer graphene are characterized up to 10 GHz using a 50-Ω coplanar waveguide (CPW) transmission-line test structure due to its ease of design and fabrication. An equivalent circuit model is proposed to fit the deembedded measurement data, and the corresponding surface conductivity of the graphene sample is extracted. Previously, a CPW transmission-line structure was used to characterize the properties of a graphene sample in [10] . With respect to their work, the nonlinear microwave properties of the graphene sample are studied here. Moreover, the statistical uncertainty of the extracted parameters is analyzed based on a number of repeated measurements with independent calibrations. Those parameters are useful to study the performance of various high-frequency applications such as antennas [11] , [12] .
Strong nonlinear electromagnetic behavior has been predicted theoretically [13] . This results from the linear dispersion of the carriers in graphene, instead of the parabolic dispersion of conventional semiconductors. Some works have reported demonstration of frequency multiplier and mixer at microwave frequency range [14] - [16] . However, no systematic microwave nonlinear property study on graphene has been reported. Therefore, it is indispensable to further investigate and understand the nonlinear properties of graphene at microwave frequency range for potential applications such as antennas. For example, with two or more signals simultaneously present at the input of a graphene antenna, unwanted third-order intermodulation distortion (IMD3) may occur and therefore limit the performance of a wireless communication system. For commercial antennas, the IMD3 level could be measured as low as −140 dBc, which comes from contact nonlinearity such as loose, oxidized, and contaminated metallic joints, with about +40 dBm carrier input [17] . With the potentially strong nonlinearity in graphene, the IMD3 level could be high to deteriorate practical system performance. Therefore, in this work, nonlinear responses of the CPW graphene sample are experimentally examined under a fundamental input signal of 1 GHz at different power levels up to +16 dBm. Both weak second-order and strong third-order harmonics are observed. The maximum input power to a graphene antenna to avoid unacceptable IMD3 level is also estimated.
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II. TEST FIXTURE DESIGN AND FABRICATION

A. Test Fixture Design
The test fixture is designed to be on a high-resistivity (ρ = 20 000 − 40 000 Ω · cm) Si substrate. Previously, a tapered CPW transmission-line test fixture is adapted to characterize individual single-walled carbon nanotube (SWCNT) [18] . However, since graphene does not have large intrinsic impedance as SWCNT, a simple 50-Ω CPW transmission-line structure with a center gap in the signal trace is designed for characterizing the graphene sample. The schematic and dimensions of the test fixture structure are presented in [19] .
B. Test Device Fabrication
The above designed CPW structure is fabricated on 500-μm-thick high-resistivity Si substrate (1 × 1 cm 2 ) by conventional photolithography and liftoff processes. The conductor is made of 15 nm Cr/100 nm Au via e-beam evaporation. The graphene sample is firstly grown by CVD on a copper foil and then transferred onto the CPW structure. The copper foil is initially cleaned with solvents, electrochemically polished, and then annealed at a high temperature to remove impurities. The detailed growth condition and structural information of the CVD graphene can be found elsewhere [20] . Since the graphene sample size is larger than the CPW signal-ground spacing, an additional exposure is implemented so that the unwanted graphene is trimmed by plasma cleaning. A sample photo image of the graphene device is also available in [19] . To extract the intrinsic microwave transport properties of the graphene sample, "Open" (no graphene across the center gap) and "Through" (continuous CPW signal trace without the center gap) calibration standards are fabricated on the same high-resistivity Si substrate as well for deembedding purpose.
III. EXPERIMENTAL CHARACTERIZATION AND ANALYSIS
A. Linear Characterization
The linear transport properties (S-parameters) of the graphene test fixture are measured by an Agilent E8361A VNA with the input RF signal set to be −17 dBm. The measurement setup is similar to the one reported in [18] . Ground-signalground (GSG) CPW wafer probes of 150 μm pitch are used to characterize the test device under study. A standard shortopen-load-through (SOLT) on-wafer calibration is done using a calibration substrate from GGB Industries, Inc. The graphene device along with the above-mentioned "Open" and "Through" structures are measured under the same calibration condition up to 10 GHz. The measured S-parameters for each structure are plotted in Fig. 1 . To obtain the intrinsic properties of the graphene sample, the effects due to the test fixture have to be eliminated. An open-through deembedding method [21] is applied, and an equivalent circuit model is proposed to fit the deembedded measurement data. In the equivalent circuit model shown in Fig. 2 , R C denotes the contact resistance, and C C is the contact capacitance on each side of the signal trace; R int is the intrinsic resistance, and L k is the intrinsic inductance Fig. 3 , which agrees reasonably well.
Taking into account the geometry of the graphene sample (10 µm length and 25 μm width), the surface resistance and surface inductance are then calculated to be 531.88 Ω/ and 0.59 nH/ , respectively. The corresponding real surface conductivity of about 1.876 mS/ is comparable to reported values in literature [6] , [7] . It is also comparable to those reported in the THz regime [22] - [24] , which enables potential THz antenna applications.
A statistical uncertainty analysis of the intrinsic graphene transport property is also performed based on seven Sparameter measurements under independent calibration conditions. Impacts of S-parameter uncertainties on the parameters of the equivalent circuit model in Fig. 2 are estimated using the standard deviation (SD) of the measured S-parameters, as listed in Table I . In summary, in the worst-case scenario, the uncertainty of the graphene surface resistance and surface inductance is estimated to be ±57.67 Ω/ and ±0.047 nH/ , respectively. The real and imaginary parts of the graphene surface conductivity with statistical error bars are plotted in Fig. 4 .
B. Nonlinear Characterization
It is theoretically predicted that graphene may possess strong electromagnetic nonlinearity because of its unique linear carrier energy dispersion. In [14] , a frequency multiplier is demonstrated with a graphene sample shunting the signal trace and ground planes of a CPW line. However, power dependence effect is not studied. A microwave tripler based on microstrip structure incorporating few-layer graphene exfoliated from highly oriented pyrolithic graphite is studied in [15] . In this work, the power-dependent harmonic components (second-and third-order) generated from CVD-grown graphene are experimentally investigated at 1 GHz. The measurement schematic is shown in Fig. 5 . Since the signal generator (SG) and the spectrum analyzer (SA) will both generate harmonics due to their intrinsic nonlinearity, the harmonic components generated in the "Through" structure are also measured at the same frequency to calibrate and eliminate those nonlinear contributions from the measurement equipment. The measured results are plotted in Fig. 6 . It can be seen that the third-order harmonic generated in graphene is much stronger than the second-order harmonic, as predicted by theory, while the contribution from the SG is small and that from the SA is negligible. Moreover, the second-order harmonic generated in graphene is observed to be comparable to those from the SG and SA. The slopes of the measured second-order and third-order harmonics are close to 2 and 3, respectively, as expected. In the entire power sweeping range up to +15 dBm, there is no noticeable compression in the fundamental output (constant slope = 1 observed).
C. Nonlinear Effect Evaluation of a Graphene Antenna Example
To understand the impact of nonlinear property of graphene on potential antenna applications, the measured nonlinear response is applied to a simple patch antenna similar to the one in [11] but modified to operate at 1 GHz. This patch antenna made of graphene is simulated using HFSS and has a dimension of 83.5 × 83.5 mm 2 . The dielectric substrate has a thickness of 1.52 mm and a dielectric constant of 3.2. For wireless communication applications, the two-tone third-order intermodulation distortion (IMD3) is one of the most important factors. From the measured third-order harmonic, the IMD3 under two-tone excitation can be easily estimated (two-tone IMD3 is a factor of 3, or 9.54 dB higher than the third-order harmonic). Fig. 7 shows the third-order intercept (TOI) diagram of the graphene sample, indicating a TOI point of about 28 dBm, which is smaller than a typical wireless system and is due to the strong nonlinearity generation in the graphene antenna. Considering the criterion that the two-tone IMD3 should be at least 30 dB below the carrier signal in a wireless communication system, the maximum input power to this antenna to avoid large IMD3 is evaluated using the following approach. First, it is seen from Fig. 7 that with a fundamental input power level of 11.54 dBm for the CPW graphene structure, the IMD3 is about 30 dB below the fundamental output. Second, it is assumed that the graphene patch antenna will have similar IMD3 level as the CPW graphene structure if their maximum surface current densities are at the same level. It is then estimated that the input power to the antenna should be below 22 dBm.
IV. CONCLUSION
In this work, linear and nonlinear microwave properties of CVD-grown graphene are characterized using a 50-Ω CPW transmission-line test structure with a gap at the center. The intrinsic linear transport properties of graphene are extracted from the deembedded S-parameters and fitted with an equivalent circuit model. The complex surface conductivity of the graphene sample with statistical error bars is obtained as a function of frequency, showing comparable values to reported results in literature. The power dependence of second-and third-order harmonics is investigated for an input fundamental signal of 1 GHz. Strong third-order harmonic (slope of ∼ 3) and weak second-order harmonic (slope of ∼ 2) generation are experimentally observed. With the input power up to +16 dBm, no power saturation is observed in the fundamental output RF power. Moreover, the measured nonlinear properties of graphene are applied to a graphene patch antenna example to evaluate its impact on potential antenna applications in terms of the IMD3 level.
